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INTRODUCTION
Today, electronic information is pervasive: text, digital audio and video, graphics, telecommunication and so on, and various information-storage technologies have been developed in the past decade. Among them, optical storage is rather a newcomer, though its unique features and advantages in the storage industry have been known for a long time. With significant developments in the laser and semiconductor industries, optical storage technology has already successfully emerged into the consumer market and more recently into the computer-based data storage market as well.
The 120 mm, prerecorded compact disc (CD), having the standard format specified in the Red Book 1 and the rewritable 5 X A" and 3.5" size magneto-optical (M-O) technologies are noteworthy. While it took more than seven years for the CD market to take off, it is now a very prosperous industry, with over 500 million disks produced in 1996 vs. 200 million in 1993. For computer-based data storage and multifunctional purposes, the first generation of the ISO 2 standard 5!/ 4 " M-0 drive (325 MB x 2/ double-sided) was introduced in 1988 and the 3.5" drive (128 MB) in 1991. Since then, progress has been remarkable in capacity and data transfer rate as well as cost performance, and the so-called 2X (650 MB x 2/5 %" double-sided disk) and 3X (1 GB x 2/5 l A" double-sided disk) drives are now in the market. Also, a remarkable product called the MiniDisc (2.5") , which was the first recordable optical system for both the consumer and the data market, has made a breakthrough in the technology utilizing data compression and direct overwrite schemes. Furthermore, archival storage has become, for legal reasons, a more necessary requirement of various financial, medical, and telecommunication industries as well as government agencies, where terabytes of storage (10 12 bytes) are not atypical. In this application area, various types of writeonce/read-many (WORM) optical libraries have been developed, where their permanent form of storage is being well accepted in the marketplace.
Many types of optical storage media have been intensively studied for various applications. Figure 1 .1 illustrates some examples. Except for the magneto-optical recording medium, the optical contrast (signal) results from the reflectivity difference between the written and unwritten marks. For magneto-optical recording media, a ' The physical standards for CD Audio were originally published in a red binder and have become known as the Red Book. Subsequent standards have been called the Yellow Book for CD-Read-only Memory (CD-ROM), the Green Book, Orange Book, etc. (see Table 1 .1, and also Chapt. 11).
2 ISO stands for International Standards Organization. The file format for the CD-ROM is denned in Standard ISO 9660. change in polarization direction due to the magnetization direction is the source of the contrast. Key features of optical storage technology are removability and high capacity on a disk. The removability is important because it allows access to multifunctional applications with compatibility from drive to drive. It also allows us to transport huge amounts of information by hand. For example, one can carry the information equivalent to a 40,000-page document (2 ft high) in an optical 5 l A " disk. Capacity is important because it translates to low cost/MB and to space-efficient storage. The latter is important especially for places such as Japan where land/office prices are anomalously high. Consider, for instance, an insurance company that desperately needs to rid itself of paper claim forms-but needs access to customers' records instantly. Scanning these original documents and storing them on magnetic hard disk drives would be too costly, while tape systems would not have enough speed to randomly retrieve hundreds of thousands of images in a timely manner. Optical storage provides the best solution for this dilemma. Figure 1 .2 shows the progress of optical disk storage technology under 12" size. The increase in capacity is more than 50% per year in the past six years.
I t I (a)
While optical storage is an attractive storage technology, magnetic hard disk recording is the dominant technology for information storage. Its growth rate in density has been almost 30% per year for the past 40 years. In the past couple of years, the increase is close to 60% and is expected to continue on the increased capacity rate well into the foreseeable future. Driven by such an ongoing increase in storage densities of magnetic recording, and confronted by upcoming multimedia applications which demand more user data capacity, substantial efforts have been focused on the improvement of storage density (and data transfer rate) in optical storage systems as well.
By no means is the solution for increasing the capacity simple since such an increase must be decided by such factors as backward compatibility. This feature is important to removable media because the customer expects new products to be com- patible with their previous investments in data stored on older generation media. Another key factor is cost. The sale price ($/MB) must be significantly lower compared to other prior generations of optical storage products and alternative storage systems (e.g., removable hard disk drives).
To increase the capacity in optical storage media, many solutions are possible:
Magnetically induced super resolution (MSR) [2, 3] (see Chapter 9)
> 2X
Pulse width modulation (PWM)
Volumetric recording [4] (multilayer)
>2X
Land/groove recording with crosstalk cancellation
2X
Partial response channels
Banding of data (zoned)
1.5X
Higher numerical aperture [5, 6, 7] (high NA)
High leverage items for improving capacity, apart from creative approaches such as magnetically induced super resolution (MSR), are "short wavelength" and "high NA," which can reduce the diffraction limited spot size.
The use of a shorter wavelength laser for optical recording has already been demonstrated by several groups. Blue wavelength recording with a frequency doubling laser (429 nm) [15] has already been shown to increase the density up to 2.5 Gbit/in 2 with a data rate of a few MB/s [1] . Another example is the work reported using a green laser, which demonstrated a carrier-to-noise ratio (CNR) of 45 dB at 0.4 urn mark size at a track pitch 0.9 urn [8] . For the short wavelength recording, media must exhibit high polar Kerr activity in the magneto-optical case. In the so called phase change, media information is stored by creating amorphous spots in a polycrystalline film by melting and quenching a small region by laser heating. A high reflectivity change between the amorphous and crystalline phases in the phase change is needed for short wavelength recording in the phase change scheme. (The name "phase change" has been commonly used as an erasable optical medium in which the reflectivity change between crystalline and amorphous phases is used as the source for signal. A typical medium is GeTeSb.) In going to a shorter wavelength, on the other hand, the efficiency of the detector becomes degraded and thus an increase of the optical power incident on the detectors is necessary to keep up the same read signal level in order to maintain the same medianoise-limited performance. This requires desensitization of the media, leading to a higher read power or to a higher amount of light reflected by the polarization beam splitter to the detector channel [1] . The increase in writing power speeds up degradation of the medium, thus shortening media lifetime.
One example of using a high NA method was demonstrated using a solid immersion lens (NA = 1.1) optics [6] . A spot size as small as 600 nm was achieved at k = 830 nm, resulting in a performance of CNR = 50 dB at 1 Mhz with TbFeCo disks. A recent experiment showed a further reduction of a spot size at 830 nm.
The so called volumetric scheme approach is not new; however, it has been proven to be a favorable candidate for high-capacity recording using CD-ROM [4] .
Mark-edge recording (PWM) is the scheme already used in some write-once optical and 3X magneto-optical recording drives [9] . Since the information can be stored at the edge of a written mark, the density can be nearly doubled as compared to conventional pit position recording (PPM). However, the issue with this approach is to precisely place the edge of written marks, regardless of variations in writing conditions, without causing high jitter in readout signal. In addition, the mark edge has to be extremely stable after writing and with extensive reads as this contributes to the jitter (= noise) as well. Causes for such a shift may come from the nonuniformity in thermal magnetic and optical properties. Furthermore, the repetition of read/write processes may lead to additional edge shift, the physical scale of which is as small as 100 A. For determining the disk structure for green/blue recording in conjunction with PWM recording, such issues become serious.
For high-density recording, the choice of substrates is also important. Birefringence plays a role in the focusing servo [20] , which is of critical importance when a track pitch becomes smaller. The land/groove shape 3 (depth, width, smoothness) influences noise and crosstalk levels. Without addressing these substrate issues, one cannot consider achieving high-capacity optical storage media. It is a critical consideration in the performance of an optical disk.
REWRITABLE OPTICAL RECORDING MEDIA
In this section, magneto-optical and phase-change recording media, which are most commonly used in the currently available drives, are discussed.
Magneto-Optical Recording Media
The magneto-optical recording media used in the "ISO standard IX" and 2X are amorphous REFeCo films (RE = Tb, Gd, and Dy). These media exhibit high perpendicular magnetic anisotropy (> 10 6 erg/cc), high hysteresis loop squareness and high coercivity, in addition to a relatively low Curie point (250 ~ 300°C). The amorphous rare earth transition metal alloys are ferrimagnets so some compositions show compensation points where the net magnetization is zero because of cancellation of the rare earth and transition metal magnetization. Also, the compensation point can be adjusted by the amounts of RE as well as Fe and Co, thus leading to various dependences of saturation magnetization [42] (Fig. 1.3) . While the polar Kerr activity of these REFeCo films is relatively low (0.3°) at 780 ~ 830 nm (wavelength of lasers used in most of the current drives), compared to other crystalline materials, these amorphous films have been accepted as the most suitable storage media. Figure 1.4 2X, and 3X [10, 42] . Since the first ISO MO drive came to the market in 1988, the capacity has tripled in six years with 4X capacities expected in 1997. The advantage of using such amorphous materials may be summarized as follows: 1. Because of the amorphous state where no crystalline grains are present, and since the material can be considered uniform on a scale of about 100 A or so, media-noise and write-noise resulting from both magnetically and optically inhomogeneous local regions are very small (less than a few dB). On the other hand, crystalline films were found to exhibit higher media-and write noise (close to 10 dBm or more) due to grain to grain variations in reflectivity and other defects [11]. 2. Because of the ferrimagnetic nature where two sublattices are present, the magnetic properties, such as magnetization, anisotropy, coercivity, can be almost continuously varied by changing the atomic fraction of rare earth 
2X
(2-7) CAV 2400 rpm T w = 67.6 ns Current standard IX a element (R = Tb, Gd, and Dy). This is an important characteristic used in tuning the recording performance to writing and reading conditions, which cannot be matched by crystalline films. 3. The significant development in film fabrication technologies has made it possible to control film quality for materials of choice. The advantage inherent in amorphous REFeCo film fabrication by sputtering is that films of large area can be deposited under well-controlled conditions, leading to high yield and better cost performance. Also, noteworthy is that no annealing after film deposition nor heating of substrates during deposition is required. In contrast, all of the crystalline materials considered as media require substrate heating or annealing.
The disadvantage, on the other hand, is associated with the potential structural instability of the metastable state of the amorphous phase. Also, because of the strong chemical activity of rare-earth elements, there is always a concern regarding corrosion. However, various types of protective layers have been developed so that media life greater than 50 years has been assured for the current magneto-optical storage media supplied to the market.
(a) Shorter Wavelength Approach
As long as a laser beam is the means for writing and reading, the spot size on a disk is the decisive factor for determining storage capacity. The diffraction limited spot size is given by 0.56A./NA, and therefore a smaller written mark can be obtained by increasing NA and by using a shorter wavelength. In this section, we discuss the approach toward shorter wavelength recording.
After the introduction of low power visible laser diodes (670 nm) to the market in 1988, much effort has been focused on laser technology achieving higher power, longer life, and better cost performance needed for optical storage. To achieve shorter wavelengths, frequency doubling lasers have been pursued. One promising approach uses a non-linear crystal resonator (KNbO 3 ) with high overall conversion efficiency from electrical input to the diode laser to blue output (10%) [15] for developing more than 40 mW of 428 nm radiation ( Fig. 1.5) .
The magnetic-optical (MO) readout signal is proportional to the effective polar Kerr rotation angle # eff and is given by 0efr = (0K+4) 1/2 ( 1.1) where 0 K and s K are the polar Kerr angle and ellipticity, respectively. Therefore, it is desirable to have a high rotation angle 0 eff and a high reflectivity R at shorter wavelengths. However, as demonstrated in Figure 1 .6, the current RFeCo media exhibit a decrease of the polar Kerr activity with decreasing wavelength from 780 to 500 nm [16] . The addition of light rare earth elements such as Nd and Pr has been reported to enhance the Kerr activity at wavelengths around 500 nm [12] , [13] , but this is accompanied by a degradation of the magnetic properties such as coercivity and perpendicular magnetic anisotropy field [14] . Nevertheless, much effort has been made to optimize the disk structure of TbFeCo at a short wavelength, and recent work has reported high mark carrier-to-noise ratio (CNR) more than 62 dB at 488 nm on a flat substrate [17] . Multilayers of (Co/Pt) x N (N: layer numbers) are of considerable interest. They exhibit strong perpendicular magnetic anisotropy (>10 6 erg/cc), high coercivity (> 1 kOe) and most importantly high Kerr rotation and ellipticity at blue wavelengths ( Fig. 1.6 ). Typical thicknesses of Co and Pt are 3 ~ 5 A and 8 ~ 12 A, respectively and N is in the range of 10 to 30. Voluminous research had been performed to understand the magnetic properties in conjunction with microstructure, especially with respect to interfacial properties between each layer [22] and to relate this to the recording performance [16] , [17] , [19] , [27] . CNR of 64dB at 488 nm for a large mark size in a (Co/Pt) multilayer made onto a flat glass substrate was recently reported [16] . One drawback with this system, however, is its relatively high Curie point (^ 400°C) and thus a high saturation magnetization which requires a high bias field to write. High Curie temperatures also require a high-writing laser power, which accelerates the degradation of the medium. A recent study [66] indicates that the degradation takes place near or at local defects under accelerated conditions. Effort had been made to lower the Curie point by adding other elements [23] , [24] .
Another potential candidate is bismuth (Bi) substituted garnet films. Figure 1 .7 shows the expected signal as a function of wavelength for garnet (thickness d), together with (Co/Pt) and TbFeCo [28] . The expected MO signal is far larger than those of (Co/ Pt) and TbFeCo at blue wavelengths. One serious disadvantage is that grains and other defects are the source of high media-and write noise in the readout signal.
In an attempt to minimize such noise, intensive effort has been made to optimize the crystallization condition from the (as-deposited) amorphous state. The work utilizing the in-situ crystallization showed CNR of 58 dB at 488 nm for a large mark size onto a grooved Gd 3 Ga5Oi2 (GGG) disk [11] . Another approach to minimize grain size is rapid thermal annealing with a high ramp rate (100°C/s up to 650°C) [29] . This technique yields a grain size of about 100 A, much smaller than those obtained through oven annealing or in-situ crystallization. The drawback with Bi-garnet is the necessity of high temperature crystallization (^ 650°C). This limits the choice of substrate materials, which may prevent the manufacture of low-cost media.
Other crystalline materials such as MnBi [25] , [26] and PtMnSb [30] have been the subject of many studies. MnBi was the first material that demonstrated Curie point writing [37] . MnBi is known to possess two phases, the low temperature (ltp) and the high temperature (htp) phases. The ltp has a higher Kerr rotation than the htp. Its Curie temperature, however, is close to the temperature at which decomposition takes place, resulting in a relatively small latitude for the recording power. The htp is formed on rapid quenching from a temperature above 630 K. The reduced Curie point results in improved write sensitivity for the htp at the expense of read signal. Further, this htp is unstable to thermal cycling during the read/write process and gradually reverts to the ltp. Attempts have been made to stabilize the htp by alloying with Cu, Ti, Rh, Ru, and Al [25] , [38] . Though recent work claimed an effect of Al on the phase stability [25] , no conclusive evidence was ever produced. So far, the write performance is still not so attractive, largely because of the high media noise arising from the decomposition of the htp to ltp and from grains [26] . A written mark with size smaller than the diffraction limit determined by the numerical aperture of the objective lens and the wavelength of the laser cannot be detected in conventional optics. The magnetically induced super resolution (MSR), which was proposed in 1991 [31] , [32] and in 1993 [33] is the scheme that makes it possible for such small written marks to be detected by masking a portion inside a spot by cleverly utilizing the temperature distribution due to laser irradiation of the magnetic film. [ Fig. 1.8(a) and (b) [31], [32] and Fig. 1.9 [33] for Front Aperture Detection (FAD), Rear Aperture Detection (RAD) and Center Aperture Detection (CAD) methods, respectively.] Also, reported is a new MSR scheme utilizing a magneto-static coupling between the layers [34] . All those approaches successfully demonstrated higher density in recording than in the non-MSR case. The CAD approach, where the readout layer has in-plane magnetization at room temperature and then becomes vertically magnetized at a higher temperature achieved by a certain read power, seems to have good potentiality. This scheme has a simple disk structure where no external magnet is required and has high crosstalk cancellation (^ -30dB at 0.765 um) [33] . Using mag- 
(c) Direct Overwrite (DOW) [39]
Direct overwrite (DOW) is another crucial issue for optical storage. It is crucial for a high data transfer rate. Direct over-write in magneto-optical recording can be accomplished by either field modulation [40] or light intensity modulation [41] . For a phasechange rewritable medium, single beam over-write is possible, as discussed later. Until now, only field modulation MO systems, such as employed on MiniDisc or MD-data have been introduced into products although media DOW solutions appear promising. The combination of field modulation with MSR and PWM has been proposed [42] using a high field-sensitive MO-medium [43] , which can in principle lead to 10X capacity at blue recording with high numerical aperture optics.
Id) Solid Immersion Lens Near Field Optical
Approach In optical recording, the areal density is by any means governed by the size of the focused laser spot, which is limited by the laws of diffraction to be about X/2 NA, where A. is the wavelength of laser and NA the numerical aperture of the focusing lens. Since a typical value of NA is 0.5 for actual devices, the diffraction limited spot size would be determined by the wavelength X. However, this limit can be circumvented by using near-field optical techniques. Near-field optics is based on the idea to image through a pinhole that is smaller than the diffraction-limited spot size. If the pinhole is placed very close to the object, the pinhole size essentially determines the definition of the spot size. The first demonstration of this idea was made in 1984 by Pohl et al. [85] using an extremely narrow aperture of a quartz rod covered by metal film and a resolving power of A/20 was achieved. Betzig et al. [86] also demonstrated the high potentiality of obtaining a smaller spot size than the diffraction limited one through near-field optics. They observed the domain written marks down to about 60 nm in Co/Pt multilayer films using Ar laser (X = 510nm for writing), close to X/9. They used an optical fiber probe which was covered with a film. The distance between the tip of the fiber and the Magnetization direction of transition metal multilayer film was less than the evanescent decay length, for which the resolution 30-50 nm was achieved.
A similar method was used by Imura et al. [87] who applied this scheme to both magneto-optical recording and phase change recording media. They could record marks, the size of which was 60-80 nm for both media using a 785 nm laser with 15 mW write power and 10|is pulse width. Hosaka and others [88] used this technique for phase change recording applications. Using a 785 nm laser, a minimum recorded bit of 60 nm in diameter was achieved.
The disadvantage of the above work was that even though small domains could be written, it is difficult to simultaneously satisfy the requirement of having a high data rate while maintaining the probe-to-sample spacing of less than evanescent distance which is k. The dynamical retrieval of the information is rather difficult to achieve, that is, the data rate may not be high enough for real applications. Kino et al. [89] , [90] showed a different method in near-field optics using a solid immersion lens (SIL). The principle of the solid immersion lens near-field optics is that by focusing light inside a high index of refraction lens, where the speed of light is slower, hence the wavelength is reduced by a factor of n, where n is the refractive index of the lens. The resolution is expected to improve by a factor n. In its nearfield mode of operation, this microscope uses the evanescent fields just outside the flat bottom surface of the SIL for near-field imaging in air.
Terris and the coworkers [91], [92] have developed this technique for testing real magneto-optical recording disks at high data rates. They used a supersphere SIL which leads to a spot size smaller by a factor of n 2 . Using 830 nm laser beam, a 360 nm optical spot size was obtained at the exit surface of the SIL and is transferred across a small air gap to the surface of a spinning magneto-optical disk, where the sub-wavelength gap between the SIL and the medium surface was maintained at media velocity of 1.25 m/s by incorporating the lens into an air-bearing slider. Reading and writing of data were achieved at a density of 3.8 x 10 8 bits/cm 2 with a data rate of 3.3 x 10 6 bits/s. A recent study using magnetic force microscopy showed the density larger than 2 x 10 9 marks/ in 2 at k -780 nm [94] . Different from the disk structure mentioned above, Ichimura et al. [93] proposed an alternative approach to use near-field optics. A SIL of a truncated hemisphere was used, which was placed close to the substrate surface whose refractive index was the same as the SIL. The beam was focused to the bottom of the substrate. In this case, an effective NA is limited to 1, which is a disadvantage. The major advantage with this scheme is that the air gap can be as large as 100 um if the spherical aberrations are properly taken into account. It follows that the system can be tolerant for dust, as opposed to the method by Terris et al. A recent announcement of a high-density drive beyond 20 Gbits/in 2 by an industry laboratory indicates the strong interest for this SIL near-field optics application, which could provide potentially advantageous points over hard disk drives as well.
(e) Domain Expansion Technique
A novel technique has been developed, in which a recorded mark whose size is less than the diffraction limit of a given wavelength is expanded only at the time of reading it. This technique, called "domain expansion technique" can be realized in the medium consisting of two layers with different He values. A domain with a size less than the diffraction limited size can be read by amplifying the size only at the time of reading. This process can be realized by applying the magnetic field along the direction for expanding the domain in the readout layer. Figure 1 .10 illustrates the correlation between the magnetic field applied and the signal. Figure 1 .11 shows the domain expansion process for the readout. The signal amplification can be made through domain expansion by applying a magnetic field Hr, the direction of which is to expand the domain in the GdFeCo readout layer. The clock of the alternating magnetic field is synchronized with one two times faster than the recording clock. In Figure l .ll(tf), there is no domain in the readout layer because the external field (Hs) is applied to shrink the domains in the recording layer. In Figure 1 .11 (6) , when the magnetic field becomes zero, the domain (A) in the recording layer makes the copy domain in the readout layer. In Figure 1 .11 (c), the external field (He) in the expanding direction enlarges the domain to a size which is about the same as the diffraction limited one. In this way, the readout signal can be amplified. In Figure 1.1 l(d) , the size of the expanded domain in the read-out layer shrinks to the initial size because the external field returns to zero. In Figure 1 .1 l(e), when the external field is switched to the opposite direction, and then increased, the copied domain will shrink to finally collapse. The technique demonstrated signal amplification for domains as small as 0.08 um diameter [94] , [95] , and looks very promising for future high-density recording.
(f) Magnetic Multivalued Recording
Magnetic multivalued recording (MMV) has been recently proposed for high-density recording. This technique can be realized using a quadri-valued magneto-optical recording medium and has been demonstrated in a system with an exchange coupled 
TbFeCo/PtCo bilayer structure. By switching the external field on four levels, four coupled magnetization states are independently formed, as shown in Figure 1 .12 [97] . These magnetization states can be distinguished through the differences among their total sum of Kerr rotation angles as output signal levels. The basic performance of the MMV recording has been discussed. For practical use, the recording sensitivity is a serious issue still to be overcome.
Phase-Change Media
Phase-change optical storage technology has been developing at a rapid pace. Already various types of erasable phase-change drives are on the market. They can perform single-beam direct overwrite, and have high read/erase cyclability (> 10 6 ) with low error rate: Furthermore, media life seems no longer to be a serious issue (Fig. 1.13) [51] .
The concept of phase-change optical storage is more than 20 years old [44] . Phasechange media have two stable phases. The detection of written marks in optical storage is based on the reflectivity difference between the amorphous and the crystalline phases. The difference must be high enough to give rise to a high contrast, or high signal in reading. Normally, a written spot is amorphous in the matrix of crystalline phase ( Fig.  1.14) . In order to be amorphous after the laser beam is moved away, the quenching speed must be higher than the so-called critical quenching speed [45] (>10 10 C/s). Among many candidates satisfying this condition, GeTe [46], Sb 2 Te 3 [47] and compositions along the pseudo-binary GeTe-Sb2Te3 tie line such as Ge2Sb2Tes, GeSb2Te4, and GeSb4Te7 are noteworthy. Another group of materials, which has a lower reflectivity in the crystalline than in the amorphous phase is In3SbTe2 [48] , compositions along the InSb-GaSb tie line [49], and InSeTl [50] . The criterion to choose fast crystallization media is that the composition is at or near single-phase stoichiometry in the phase diagram. For the current phase-change media, GeTeSb is the medium with demonstrated high performance in optical storage [51] . Figure 1 .15 shows an example which is a quadrilayer medium structure, designed for high quenching and for high performance [51] . One of the attractive features of phase change is the capability of direct overwrite using a single-beam scheme, as illustrated in Figure 1 .16. There are three power levels of a laser: write power, erase power, and read power. The temperature corresponding to the write power must be high enough to melt the crystalline phase, but for better medium life it should not be too high. The erase power level should be chosen so that the temperature is just high enough to crystallize the amorphous written marks. The read power level should be as low as possible to keep marks from degrading, but must be high enough to give good CNR. Figure 1 .14(b) shows the erased mark beside an amorphous written mark. The erased mark has undergone 10 6 cycles for PWM recording. There is no sign indicating degradation of the marks as well as of the neighboring regions.
Much work has been done on writing at short wavelengths (680 nm) with high numerical aperture, PWM, direct overwrite, land/groove recording, crosstalk cancellation, modified constant angular velocity method (MCAV), channel/coding, and so on. Recent work, for example, demonstrated 1 GB density per side of a 3.5" disk, where NA is 0.6, X is 690 nm, PWM, and ZCAV (zoned constant angular velocity) are essential for digital video application.
Before leaving this section, it should be noted that there has been a growing activity of applying phase-change media for rewritable CD (CD-E) and for small form factor disk drives. Recent work for CD-E using In-Ag-Te-Sb showed high CNR and high modulation at a CD linear speed (^1 m/s) [82] , and a doubling of the CD speed [83] . The application for CD-E is, therefore, very promising. Flat type 2.5" disk drive (prototype, 15 mm height), which has 160 MB capacity, 1 MB/s data rate, and overwrite capability, has been developed using a phase-change medium [84] . This is a good example to demonstrate the strength of phase-change media where no magnet is necessary for direct overwrite.
RECORDABLE WRITE-ONCE MEDIA
Storing information in an archival form is required for most legal documents. The amount of documents to be stored has been growing rapidly where terabytes of information is not uncommon. Further, multifunctional applications are favorably accepted 
Ablative Type
Materials for ablative type WORM have been widely investigated [58] [59] [60] [61] [62] [63] [64] [65] . Among them, Te is ideal since the element has high optical absorption, low melting point, boiling point and low thermal diffusivity. However, Te itself is unstable in air and converts to TeO 2 very quickly. The stability of Te against oxidation can be considerably enhanced by the addition of Se [57] . This is shown in Figure 1 .17. Voluminous work on the ablative mechanism [58-65] occurred in the late 70s and early 80s. Since then, there has been much improvement toward the achievement of clean hole openings by small amounts of various additives [64] , [65] . The mechanism of hole opening is associated with variations of surface tension over the area irradiated by a laser beam, in that a minimum in surface tension is at the hottest point of the molten spot. A shear stress pulls material away from the center of the melt toward the edge, forming a rim.
Since an ablative mechanism is based on the material flow away from the substrate, Te-alloy active films are usually deposited on underlayers which play a role in improving write sensitivity [62] , [64] , [65] .
The current ablative WORM disks available in the market are IX and 2X for the 5% form-factor (PPM), and 7 GB for 12" size (PWM). One example of written marks in such a 12" WORM disk is shown in Figure 1 .18 [63] . The life of ablative type WORM is very attractive; the claim is more than 100 years in a normal environment, presumably limited by the formation of a physical hole. Because of this uniqueness, this type of media has been well accepted in library files for many applications, including financial and insurance institutions, hospitals, and government agencies. The extendibility of ablative media for higher density recording (PWM) has already been demonstrated [63] and further improvement is likely by optimizing media structure [64] . Here the X groups are in the p position and each n is independently selected from 0, 1, and 2 such that at least one of the X groups is selected from the formulas given in Figure 1 .19 (6) .
CD-R disk has the following features [70]:
1. It has a high reflectivity (>70%), a high modulation (>60%), low jitter (< 30 ns for 3T) at 786 nm and thus has compatibility with the current compact disc standard, specified in the Red Book [71] .
(X),, 2. Written marks are in the groove regions, the reflection of which decreases. 3. The information area of a blank disk has a wobbled pregroove, which is for tracking, and timing purposes. 4. The media cost in volume can be made very low because of spin coat fabrication, as compared to other optical media.
The writing mechanism of CD-R is believed to be a combination of possible deformations (as shown in Fig. 1.20 [69] ), namely a bump at the interface between dye and polycarbonate substrate, a pit at the dye/Au interface, and/or a bubble at the dye/Au interface. They are all related to the softening of polycarbonate substrate at 170°C and with a transition of the dye at 265°C.
Current CD-R capacity is 600 MB. Effort is under way to extend the application of such organic dyes to shorter wavelengths [72] for the next generation higher capacity data storage. Since the optical constants of organic dyes are a strong function of wavelength, the type of organic dye may have to be changed from one wavelength to another to optimize the writing condition at each wavelength. Therefore, backward incompatibility is a concern at present.
Another type of CD-R material, AgO x sputtered film, was also reported [74] . Reflectivity of more than 70% was reported at wavelengths from 760 to 800 nm, and thus it is considered potentially useful.
Phase-Change WORM
The principle of phase-change recording is based on the strong temperature dependence of the crystallization rate. For use as an optical recording medium, a phase-change material needs to have a low rate of crystallization at around room temperature so that the medium can be kept for many years without transforming to the crystalline state. It is also necessary that the rate increase significantly at elevated temperatures so that during the writing process the local region heated by a laser beam can complete the crystallization process in a few nanoseconds.
The alloys of Sb-Sn have been extensively studied for this purpose, and are the materials of choice for phase-change recording. The Sb-Sn alloy media with additives such as In [75] and Se [76] exhibit good writing sensitivity, high CNR, wide wavelength response, and high resolution [77] . The phase-change WORM media have been already used in the 5 1 //', 12", and 14" product optical disks.
Alloying WORM
The recording mechanism of this type of write-once medium is based on the reflectivity enhancement due to the alloying effect in a local heated region. the sharp interfaces and in turn giving rise to a different reflectivity. This type of WORM has the advantage of maximizing writing sensitivity and CNR by tuning the medium structure to a given wavelength. 
